We observed the interstellar comet 2I/Borisov using the Neil Gehrels-Swift Observatory's Ultraviolet/Optical Telescope. We obtained images of the OH gas and dust surrounding the nucleus at four epochs spaced before and just after perihelion (−2.56 AU to 2.03 AU). Water production rates increased steadily before perihelion from (7.0 ± 1.5) × 10 26 molecules s −1 on Nov. 1, 2019 to (10.7 ± 1.2) × 10 26 molecules s −1 on Dec. 1. This rate of increase in water production rate is slower than that of most Jupiter-family comets and quicker than most dynamically new comets. After perihelion, the water production rate decreased rapidly to (4.9 ± 0.9) × 10 26 molecules s −1 on Dec. 21. Our sublimation model constrains the minimum radius of the nucleus to 0.37 km, and indicates an active fraction of at least 55% of the surface. A(0)f ρ calculations show variation between 90 and 106 cm with a slight trend peaking before the perihelion, lower than previous and concurrent published values. The observations confirm that 2I/Borisov is carbon-chain depleted and enriched in NH 2 relative to water.
INTRODUCTION
Comets contain abundant amounts of organic and inorganic species (Altwegg 2018 ) and observations of their chemical composition play an important role in reconstructing the conditions of planet formation in our solar system (e.g. A'Hearn et al. 2012) . Extrasolar comets offer a glimpse into the building blocks, formation, and evolution of other planetary systems, but only a limited number of gas species that can be directly attributed to the presence of exocomets have been detected to date (Kral et al. 2016; Matrà et al. 2017) . Impacts by exocomets may significantly alter the atmospheres of exoplanets (Kral et al. 2018) or introduce species that could be conceived as biosignatures (Seager et al. 2016) . Interstellar comets might also furnish the exchange of volatiles and complex molecules between different planetary systems. The existence of interstellar interlopers in our solar system has long been suggested (Levison et al. 2010; Raymond et al. 2018 ), but their based on chemical signatures has been hampered by the lack of understanding of what drives the chemical taxonomy of comets in the first place (Schleicher 2008; Dello Russo et al. 2016) . With an eccentricity of 3.357, there is no question regarding the extrasolar origins of 2I/Borisov (Minor Planet Center; MPEC 2019-W50) . At the time of its discovery, at 3 AU from the Sun, Borisov featured a prominent tail and coma. This implies that it contains sublimating volatiles, first confirmed by the detection of the emission of gaseous CN . However, sublimation of H 2 O is far more prolific in previously observed Solar System comets and thus provides a standardized tool to compare evolutionary, if not primordial, chemical abundances between comets. Here, we report on our 3-month long monitoring campaign with the Neil Gehrels-Swift observatory before and around its perihelion on Dec. 8.55 UTC to determine the water production rate of 2I/Borisov.
OBSERVATIONS
The Neil Gehrels-Swift Observatory (Gehrels et al. 2004 ) is a multi-wavelength satellite, originally designed for the rapid follow-up of gamma-ray bursts. In this study we used its UltraViolet Optical Telescope (UVOT; Roming et al. 2000) to determine water production rates and the dust content of 2I/Borisov. The seven broadband filters of UVOT cover a range of 160-800 nm. UVOT has a 17 × 17 arcmin field of view with a plate scale of 1 arcsec/pixel, and a point spread function (PSF) of approximately 2. 4 FWHM.
Swift/UVOT observed 2I/Borisov using the V (central wavelength 546.8 nm, FWHM 76.9 nm) and UVW1 (central wavelength 260 nm, FWHM 69.3 nm) filters four times between 2019 September 27 and December 21 UTC (Table 1) . To minimize smearing caused by the comet's apparent motion (≈ 3 -7 pix/200 seconds), every observation consisted of 16 and 48 exposures of about 200 seconds respectively for the V filter and the UVW1 filter. Orbital information in Table 1 is from JPL Small-Body Database 1 . Notes. For the exposure time we list both the total exposure time as well as the net exposure time of the stacked images (between brackets), for which images contaminated by background stars were excluded.
ANALYSIS AND RESULTS
To increase the signal-to-noise ratio of our images, we stacked the individual exposures within each of the four visits. We first identified stars that coincided with Borisov's extended coma using archival Digitized Sky Survey images 2 of the same part of the sky. We discarded exposures with stars in the central 20-pixel aperture or with extremely bright stars in the central 50-pixel aperture. The remaining exposures were then aligned and co-added using the astrometric position on the CCD from JPL/Horizons.
The comet was clearly detected in the V co-added image of every visit, with a tail towards the anti-solar direction ( Fig. 1 ). In the UVW1 images of last three visits, this tail is mostly absent, and an extended coma can clearly be within a radius of ≈ 100 000 km can be seen; at larger distances, background variations obscure the comet.
Dust content (A(θ)f ρ)
The V-band mostly samples solar continuum reflected by the dust in the coma. While the V filter includes the emission features of the ∆ν = 0, −1 of the C 2 Swan-band sequence, several observers reported that Borisov is extremely depleted in C 2 (Kareta et al. 2019; Opitom et al. 2019) , implying that the contribution of C 2 emission to fluxes measured in the V-band is negligible. Bannister et al. (2019, in prep) reported that C 2 production started in earnest after mid-October, and Borisov has become moderately depleted after November 26, we will estimate the effect in Section 3.3.
We used the stacked images to measure the comet's V-band magnitudes and to derive A(θ)f ρ, a measure of the dust content in the coma (A'Hearn et al. 1984) . To determine A(θ)f ρ, smaller apertures are more desirable because these include less emission from gas. We used circular apertures of a fixed radius of 10 000 km centered on the nucleus for the visits between November and December (corresponding to 5.7, 6.7 and 7.1 pix) and a slightly larger aperture of White circles indicate photometric apertures used to measure water production rate and all have radii of 100 000 km, with lengths of the scale indicators equaling to these radii. Black circles indicate apertures used to measure A(θ)f ρ, with radii of 10 000 km for the last three visits and a larger radius of 12 000 km for the September visit to ensure the aperture exceeded UVOT's PSF. All panels have the same physical scale (170×247 arcsec), and have been individually stretched linearly for optimal presentation, with north up, east to the left.
12 000 km (5.3 pix) for the September visit to ensure it was larger than UVOT's point spread function (5 pix) and the comet's apparent motion (3.4 -7 .0 pix/exposure). Background regions were selected from nearby parts of the detector that have comparable systematic noise and avoided the extended coma and field stars. We calculated magnitudes m for the V and UVW1 band using the relation m = Z pt −2.5log(C), where Z V = 17.89 mag and Z UVW1 = 17.49 mag are the photometric zero-points of the filters (Poole et al. 2008) , and C is the count rate. A(θ)f ρ can then be determined by (derived from A' Hearn et al. 1984) :
where ρ is the radius of the photometric aperture and m V is the measured magnitude of the comet. For the the solar magnitude at 1 AU through the same filter, we used m = −26.75 mag, which we estimated by convolving a solar spectrum model 3 (Colina et al. 1996) with the V filter's effective area. Finally, we normalized A(θ)f ρ to a phase angle of 0 deg with the empirical phase function from D. Schleicher 4 . The resulting values for A(0)f ρ are listed in Table 2 .
Water Production Rates
OH is produced by photolysis of H 2 O in the coma and is commonly used as a direct proxy of comets' water production rates (cf. A' Hearn et al. 1995) . The UVW1 filter is well-placed to map fluorescent emission from the OH A 2 Σ + −X 2 Π band between 280 -330 nm (Bodewits et al. 2014) . To determine the flux of OH, we need to remove the continuum contribution to the UVW1 filter. For this, we developed an iterative method, where we first assume that the dust is a grey reflector and then adjust the dust reddening until modeled OH column density profiles best reproduce the observed profiles.
To obtain 'pure' OH images C OH we subtracted the co-added image V-filter C V from the co-added UVW1-filter image C UVW1 for every visit:
all in units of count rates, assuming contribution from C 2 emission is negligible. The removal factor α is the ratio of continuum count rates as measured with the two filters (α 0 = 0.093 for a solar spectrum). Gas production rates are best extracted from larger apertures, where the contribution of the dust to the UVW1 filter is reduced owing to the different distribution of gas and dust in the coma. We masked all identifiable stars within an extraction region of 100 000 km (45 -71 pixels). We then derived median surface brightness profiles from the remaining pixels. We converted the net count rate of OH to the units of flux using: F OH = β · C OH . To estimate the factor β, which convert counts into units of flux, we used an OH spectral model from Bodewits et al. (2019) and convolved this with the effective area of the UVW1 filter. This yields β = 1.275 × 10 −12 erg cm −2 cts −1 . Next, we converted the surface brightness profiles into OH column density profiles. To this, we used heliocentric velocitydependent fluorescence efficiencies for the 1-0, 0-0 and 1-1 transitions in the OH A 2 Σ + − X 2 Π band (Schleicher & A'Hearn 1988) , scaled with the inverse square of the heliocentric distance, r −2 h . To determine water production rates, we compared our OH column density profiles with calculations from the vectorial model 5 , which is a model that describes the density distribution of neutral molecules in cometary atmospheres (Festou 1981) . For this, we assumed lifetimes of 8.6 × 10 4 s for H 2 O and 1.29 × 10 5 s for OH, which are appropriate for the current solar minimum (both at 1 AU, scaled by r −2 h ; Huebner et al. 1992; Combi et al. 2004 ). We assumed a bulk outflow velocity of 0.85 × r −2 h km s −1 , and a constant OH velocity of 1.05 km s −1 (Combi et al. 2004) . Except for the Sep. 27 visit, the vectorial model profiles could reasonably explain the observed column density profiles, but over-subtracted the continuum near the nucleus, resulting in negative values (Fig. 2) . Given the large separation in wavelength of the UVW1 and V-band filter and our initial assumption of grey dust, this is likely due to the reddening of the dust. To address this, we empirically adjusted the reddening by changing the continuum removal factor α so that the column density profiles best matched the vectorial model distribution. For that, we assumed that the water production does not vary significantly on the timescale of a day, that most water is produced by the nucleus, and that there is no significant color gradient in the coma. We considered colors between 0 and 25 % per 100 nm between 260 and 547 nm with a step of 1 %, and used a least-squares method to determine which dust color resulted in the best agreement between the modeled OH distribution and the Swift observations.
As can be seen in Fig. 2 , the UVW1 image from the Sep. visit has poor SNR and the resulting surface brightness profile does not match the OH models. This leads us to conclude that we did not detect OH. For the other three visits, we find colors of = 19%, 14% and 13% per 100 nm between 260 and 547 nm (α = 0.054, 0.062, 0.064). These are consistent with most published results for the same wavelength range Lin et al. 2019; Guzik et al. 2019) , but not consistent with −8 ± 7% per 100 nm reported by Kareta et al. (2019) . If the dust color is assumed to be constant during the short observation campaign, reddening can be considered as its mean value, 15%. We scaled the modeled OH column density profiles to the measured profiles to determine the water production rates, which are summarized in Table 2 . 
Uncertainties
The results are subject to several uncertainties. Uncertainties in the calibration introduce systematic errors. Swift/UVOT is very well calibrated with an accuracy better than 4% (Poole et al. 2008 ), but its sensitivity has reportedly degraded over time by about 1% per year and is wavelength dependent (Breeveld et al. 2011 ). The resulting magnitudes may thus be overestimated, leading to lower measured values of A(0)f ρ. A 10-percent decrease of effective area can introduce 11% of underestimation of water production rate. UVOT suffers from coincidence losses at high photon flux (> 10 counts s −1 , Poole et al. 2008 ), which does not apply to Borisov, whose maximum count rate was about 7 counts s −1 . The systematic uncertainty in our water production rate is most likely driven by the models used, including uncertainties in the g-factors, velocities, and lifetimes of parent and fragment species.
Relative errors from photon counting, background subtraction and continuum subtraction are propagated to calculate stochastic uncertainty. No OH is detected in the September visit (Section 3.2), and for the other three visits the resulting stochastic errors in the continuum removed OH images are 21%, 11% and 19%, which account for a major portion of the total uncertainties. For the four visits the V-band stochastic errors are small, at 5%, 4%, 6% and 2%, respectively.
Swift did not track on Borisov, which introduced some smearing. We evaluated its effect on our measurement of A(0)f ρ by modeling the dust distribution assuming a simple Gaussian model. We then co-added 50 evenly distributed Gaussian curves across the distance of smearing during a single exposure. We found that the relative difference caused by the apparent motion on our photometry was less than 3% when using apertures with radii larger than 10 000 km.
The broadband UVW1 filter not only covers OH A 2 Σ + − X 2 Π fluorescent emission, but also includes emission features of CS, NH and CN. The limited transmission of the UVW1 filter at the wavelength of these features implies that their count rate contributions are typically more than an order of magnitude fainter than the OH lines (Bodewits et al. 2014) . The V band is similarly contaminated by the ∆ν = 0, −1 Swan-band sequence of C 2 molecules. 2I/Borisov was reported to be carbon-chain depleted (Kareta et al. 2019; Opitom et al. 2019; Lin et al. 2019; Bannister et al. 2019 in prep) , which leads that C 2 abundances relative to OH can be assumed to be less than 1/1000 for all visits A'Hearn et al. (1995) . The ratio is consistent with derived ratios of Q C2 detected by Lin et al. 2019 and Bannister et al. 2019 to our coinstantaneous measured Q OH (methods to determine Q OH are discussed in Section 4.1). At the band heads of ∆ν = 0 and ∆ν = −1, UVOT's effective area is about 10 cm 2 and 20 cm 2 . Using fluorescence efficiencies from A'Hearn (1978), we estimate that C 2 results in underestimation of Q H2O by less than 15%.
To estimate uncertainties in the OH flux introduced by the dust color, we compared our optimized water production rates with those derived by assuming neutral dust. That indicates the largest differences of 44%, 7% and 22% for the production rates measured in last three visits.
DISCUSSION
The direct detection of OH emission by Swift-UVOT and the resulting characterization of Q H2O allows us to compare to previously published results, investigate the minimum active area required, and attempt to place 2I/Borisov's chemistry and activity, as it is currently understood, in the context of previously observed Solar System comets. Additionally, the availability of visible imaging taken near simultaneously allows a dust to gas ratio to be estimated. Combining these results from Swift with previously reported results provides a more complete picture of Borisov and perhaps the system it was ejected from.
Water production rates and active area
We did not detect any OH on the first visit on Sep. 27, 2019 with a 3-σ upper limit of Q H2O < 8×10 26 molecules s −1 . Between Nov. 1 and Dec. 1, the water production rate increased from (7.0±1.5)×10 26 to (10.7±1.2)×10 26 molecules s −1 , and it appears to decrease rapidly after that, to (4.9 ± 0.5) × 10 26 molecules s −1 on Dec. 21. These results are in good agreement with those acquired by others ( Fig. 3) . Opitom et al. (2019) used spectroscopic observations with the 4.2-m William Herschel Telescope to search for OH emission around 308 nm and reported a 3-σ upper limit for the production rate of OH of 2 × 10 27 molecules s −1 on Oct. 2, 2019 2, . McKay et al. (2019 used spectroscopy to detect the emission of [OI] 630 nm and derived a water production rate of (6.3 ± 1.5) × 10 26 molecules s −1 on UT Oct. 11, 2019, when Borisov was at 2.38 AU from the Sun. Our results confirm that most of the [OI] emission is indeed likely the product of emissive photodissociation of H 2 O (as opposed to different physical processes and/or parent species, cf. Bodewits et al. 2016 ). Finally, Crovisier & Bockelee-Morvan (2019) used the Nançay radio telescope between Oct. 2 -25 and reported a tentative OH production rate of (3.3 ± 0.9) × 10 27 molecules s −1 . We converted OH production rates from Crovisier & Bockelee-Morvan (2019) using the empirical conversion formula from Cochran & Schleicher (1993) , Q H2O = 1.361 r −0.5 h Q OH , which gives a water production rate of 2.7 × 10 27 molecules s −1 . Considering that Opitom et al. (2019) has included the heliocentric relation for the gas outflow velocity v gas ≈ r −0.5 h , we used Q H2O = 1.361 Q OH ) and found Q H2O = (2.9 ± 0.8) × 10 27 molecules s −1 . The latter Q H2O is larger than those found by us and the NUV/optical spectroscopic studies (Opitom et al. 2019; McKay et al. 2019) . Part of this difference may be explained by assumptions regarding the heliocentric trend of the outflow velocity of water or other details of the modeling.
To further investigate the comet's evolving activity, we calculated the minimum active area corresponding to the water production rates using a sublimation model 6 (Cowan & A'Hearn 1979) . Here, we assume that every surface element has constant solar elevation (as would be the case if the rotational pole were pointed at the Sun or if the nucleus was very slowly rotating) and is therefore in local, instantaneous equilibrium with sunlight. This maximizes the sublimation averaged over the entire surface, and results in a minimum total active area. We further assumed a Bond albedo of 0.04 and an infrared emissivity of 100%. The resulting minimum active areas A min are shown in Fig. 3 . Our results indicate that when Borisov approached the Sun, the minimum active area remained approximately constant with a slight increase from 1.4 to 1.7 km 2 , but then decreased dramatically to less than half of that to 0.8 km 2 immediately after perihelion. We note that the limit on the active area for the Sep. 27 measurement has no physical meaning (it is an upper limit for a minimum active area), but it demonstrates that Swift's non-detection of OH is consistent with the comet's activity levels in the following epochs.
Converting these areas into minimum radii by r min = A min /4π, we find corresponding minimal radii of 0.33, 0.37, and 0.25 km, respectively. Currently, the tightest constraints of the nucleus' size were achieved by combining a model of the non-gravitational forces on the nucleus with observations by the Wide Field Camera 3 on the Hubble Space Telescope, which yielded 0.2 km < r < 0.5 km Jewitt et al. (2019) . The minimum radii derived from our active area estimates fall well within this range ( Fig. 3 ) and imply that a significant fraction (> 55%) of the surface of Borisov is active. This level is comparable to a small set of very active Jupiter-family comets (cf. Combi et al. 2019 ) and several dynamically new and young comets from our solar system (Bodewits et al. 2014; Bodewits et al. 2015) .
To assess the total mass loss pre-perihelion, we assumed the water production rate was negligible outside 4.0 au. We then integrated the water production rates untill Dec. 21 and obtained a total loss of 6 × 10 33 molecules until that time, which corresponds to 2.3 × 10 8 kg of ice in nucleus. Assuming the gas mixing ratio, 9% CO and 7% CO 2 , the average values from Bockelée-Morvan et al. (2004) , and all the other is H 2 O, then the total mass of the volatiles lost are about 3.2 × 10 8 kg. Assuming a dust-to-gas ratio of 4 as observed by Rosetta around 67P/Churyumov-Gerasimenko (Rotundi et al. 2015) , the comet lost approximately 1.6 × 10 9 kg of material on its trajectory until Dec. 21. Assuming a spherical shape of the nucleus, the size range from Jewitt et al. (2019) and a density of 3 × 10 3 kg m −3 , 0.1% -1.6% of the entire mass or a global layer of 0.2 -1.1 m had been lost. While this mass loss is an extremely crude estimate which depends on multiple assumptions, this corresponds to observed loss rates of comets 67P/Churyumov Gerasimenko (0.1% Pätzold et al. (2019) ) and 103P/Hartley 2 (> 1%; Thomas et al. (2013) ).
Based on the current constraints of the size of the nucleus and our derived minimum active area, we cannot exclude that the activity levels require an active area larger than the nucleus' surface, possibly pointing to the presence of an additional source of H 2 O in the coma such as icy grains (A'Hearn et al. 1984 (A'Hearn et al. , 2011 Protopapa et al. 2018) . Based on Borisov's high levels of activity at large heliocentric distance, Sekanina (2019) inferred the presence of a halo of icy grains. The presence of icy grains is relevant because their physical properties may sample that of the primordial ice contained within the nucleus (Protopapa et al. 2018 ) and can skew remote relative abundance measurements of the gases in the coma (Bodewits et al. 2014; Keller et al. 2017) . The comparison between Q H2O measured by large apertures and narrow slits can be employed to assess whether there was an extended source. As introduced by Bodewits et al. (2014) , in comet C/2009 P1 (Garradd), a dichotomy was observed between production rates based on spectra acquired with narrow slits (covering the inner 1 000 km of the coma) compared to those derived from observations acquired with much larger apertures. This difference was attributed to the existence of an icy grain halo in the inner region. For Borisov, the water production rates derived from our large-aperture observations are in good agreement with those derived from narrow-slit observations (3.2 × 1.6 arcsec; apparent size ≈ 6 500 km; McKay et al. (2019) . However, this does not allow us to conclusively exclude the presence of icy grains, because this slit size is much larger than the expected lifetimes of icy grains Yang et al. (2019) . Icy grains would have sublimated within the slit used by McKay et al., which is thus too large to help us find different production rates with both methods. In addition, Yang et al. (2019) used the GNIRS spectrograph at the 8-m Gemini telescope and found that large or pure ice grains, if present, comprise no more than 10% of the coma cross-section within their (smaller) slit of 2 830 km when Borisov was 2.6 AU from the Sun. Even if present, at that level icy grains would contribute little to Borisov's water production rate.
Temporal evolution of production rates
In order to compare the activity evolution of Borisov with that of Solar System comets, We used Q H2O derived from McKay et al. (2019) and our visits before perihelion to calculate slope of Q H2O of r h in a log-log plot and obtained the result of −3. The value is lower than before-perihelion slopes of all dynamically new comets reported by Combi et al. (2018) , which range from −3 to −0.8. The value of −3 is also at the upper end of the wide range of Jupiterfamily comets (JFCs), which range from −14 to −0.4 (Combi et al. 2018) . To compare our results with A' Hearn et al. (1995) , we convert our water production rates into OH production rates (Section 4.1), and calculated a Q OH power-law exponent of −2.5. Compared to A'Hearn et al. (1995) , Borisov's slope is again lower than that of the only reported dynamically new comet, −0.63, and higher than that of most JFCs ranging from −12.78 to −1.78.
It is of note that the Q H2O pre-perihelion power-law exponent of Borisov, −3, was similar to that of two dynamically new comets; C/2009 P1 (Garradd) and C/2013 A1 (Siding Spring). Both of these comets were observed to have power-law exponents of −2.6 (Bodewits et al. 2014; Bodewits et al. 2015) . In both cases the steep increases were both attributed to onset of sublimation of icy grains in coma. As discussed in 4.1, icy grains do not contribute significantly to the total water production rate, suggesting that the observed behavior is caused by seasonal or evolutionary processes.
Relative abundance of fragment species
Our observations allow us to compare measured abundances of other fragment species (CN, C 2 , C 3 , and NH) with respect to the water production rates, and thus to compare the abundances of Borisov with those of solar system comets. A'Hearn et al. (1995) provides the largest survey for fragment species abundances compared to OH. We obtained Q OH from Q H2O as discussed in section 4.1. Our observations of Nov. 1 coincide with those reported by Lin et al. (2019) , who observed Borisov between Nov. 1-5. This yields logarithmic ratios of Q X /Q OH of −2.4, −3.0, and −4.2 for CN, C 2 , and C 3 . Bannister et al. (2019, in prep) observed Borisov on Nov. 26, which is nearest to our visit on Dec. 1, and their results yield in logarithmic ratios of Q X /Q OH of −2.8 and −3.0 for CN and C 2 . These place Borisov solidly in the category of carbon-to-water depleted comets, for which A' Hearn et al. (1995) reported mean values of CN/OH = −2.7, C 2 /OH = −3.3, and C 3 /OH = −4.2. Assuming a constant active area of 1.7 km 2 , we used the sublimation model to estimate that around Sep. 27, the water production rate was 5.1 × 10 26 molecules s −1 , well below our detection limit. This would yield a relative abundances of Q CN /Q OH = −2.2 to −2.1 and Q C2 /Q OH < −3.6 using the production rates reported for Sep. 20 and Oct. 1 (Kareta et al. 2019) , again consistent with carbon-to-water depleted comets (Opitom et al. 2019) . Bannister et al. (2019, in prep) also reported Q NH2 , which results in log 10 (Q NH2 /Q OH ) = −2.3. A' Hearn et al. (1995) notes the lack of distinction between typical and depleted comets based on their NH/OH but does not give statistic results of NH 2 /OH. Therefore we calculated Q NH2 /Q H2O and find 4.49 × 10 −3 , which exceeds the maximum value of 4.36 × 10 −3 for 50 well-observed comets reported by Fink (2009) . Despite the lack of adequate instellar comparisons, this strongly indicates that Borisov is enriched in NH 2 , consistent with deduction from Bannister et al. (2019, in prep) .
Gas to dust ratio
Results of A(θ)f ρ and A(0)f ρ are shown in Table 2 and Fig. 3 . Our values of A(0)f ρ measured from V-band images range from 90 cm to 106 cm, with the higher values before perihelion, while values of A(θ)f ρ decrease linearly with time. Our values of A(0)f ρ are lower than results from observations with the BV R c I c filter system of TRAPPIST-North, which include V-band A(0)f ρ of 140 ± 15 cm on Sep. 20 from Fitzsimmons et al. (2019) , and R-band A(0)f ρ of 132.4 ± 4.7cm between Sep. 11 and Oct. 17 from Opitom et al. (2019) . Like ours, these measurements used a 10 000 km-radius apertures around the nucleus, except for the 12 000 km-radius aperture used in our September visit to avoid PSF problems, and all are corrected by phase function from Schleicher & A'Hearn (1988) . As mentioned in section 3.3, we consider that these difference in A(0)f ρ partly arise from decline of effective area of UVOT as well as differences between Johnson and UVOT optical responses. For the latter factor, since the cometary dust is reddened (Section 3.2), measurements of A(0)f ρ will vary for different filters. For a solar spectrum with reddening of 15%, we determined that a color correction required to compare measurements of A(0)f ρ with the V filter of Swift/UVOT are −1% and +16% for the V filter and R filter of Johnson system, respectively. These uncertainties are not adequate to explain the differences, which indicates that other as of yet unknown differences may be responsible for the discrepancies.
The logarithmic ratio between A(0)f ρ and Q OH remains stable at −24.9 from November to December. However, comparing to other comets is complicated, as we note that (A'Hearn et al. 1995) did not correct for phase effects. Therefore, we used A(θ)f ρ to recalculate dust-gas ratio and got results between −25.4 and −25.1, which are consistent with values of carbon-chain depleted solar system comets (−25.94 < A(θ)f ρ/OH < −24.85, A' Hearn et al. 1995) . We note that A' Hearn et al. (1995) used a green filter (484.5 or 524 nm) for their A(0)f ρ, while we use the V filter (546.8 nm, FWHM 76.9 nm), this introduces around 6% overestimation of A(0)f ρ and less than 1% overestimation of A(θ)f ρ/OH for a solar spectrum with reddening of 15%, that has negligible effects for our conclusion.
SUMMARY
2I/Borisov is the first notably active interstellar comet. The relatively early discovery, relative brightness, and placement in the sky made it possible to characterize its activity evolution, constrain the size and rotation of its nucleus, and for the first time conduct a chemical inventory of an extra-solar small body. We obtained optical and ultraviolet observations of the interstellar comet 2I/Borisov using Swift/UVOT at heliocentric distances from 2.56 au pre-perihelion to 2.03 au post-perihelion. Swift detected OH A 2 Σ + − X 2 Π emission in three of the four epochs, and we used these observations to derive water production rates, the corresponding minimum active areas, exponential power-law variations with heliocentric distances, relative abundances and gas-to-dust ratios. Our findings are:
